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INTRODUCTION 

t 

The  Fe(CN)j~/3~  edox  couple  has  been  the  subject  of  a  great  deal  of  research 
[1-9],  with  special  attention  being  paid  to  its  non-ideal  heterogeneous  charge 
transfer  mechanism.  Peter  et  al^SMiave  shown  that  the  rate  of  electron  transfer  is 
first  order  in  concentration  o rifle  alkali  metal  cation  and  increases  in  the  order 
Li+  <  Na  +  <  K+  <  Cs*.  This  has  led  to  the  proposition  of  the  existence  of  an 
activated  complex  formed  between  the  cation  and  the  complex  anion  which  is 
already  paired  to  at  least  one  other  cation.  A  three  step  mechanism  for  the  electron 
transfer  event  has  then  been  suggested  [7]: 

M„Fe(II)(CN)'4"”'  +  M*  *  [m„* IFedI)(CN>i3_">'] * 

[M_1Fe(II)(CN)^3-,’r]*rt[M„+IFe(III)(CN)‘2-"r]*  +  c- 

[M„lFe(III)(CN)i2-'”T^M„Fe(III)(CN)‘3-’’r+M* 

If  this  mechanism  is  correct,  one  would  expect  that  the  infrared  spectra  of  the 
ferrocyanide  and  ferricyanide  species  will  change  as  the  cation  involved  is  varied. 
This  has  indeed  been  observed  for  the  case  of  adsorbed  hexacyanoferrate  species  at 
electrode  surfaces  and  solution  cations  [1];  the  result  has  been  treated  theoretically 
[2],  Weak  interactions,  such  as  those  between  totally  solvated  cations  and  anions 
generally  do  not  give  rise  to  vibrational  changes  in  one  ion  when  the  counterion  is 
changed.  It  is  the  purpose  of  this  paper  to  provide  direct  infrared  spectroelectro- 
chemical  data  concerning  the  nature  of  the  M„Fe(  aXCN)^'"*-  complexes. 


*  To  whom  correspondence  should  be  addressed. 
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''EXPERIMENTAL  •  '■  c 

The  working  electrode  was  either  a  platinum  or  gold  disk  (1  cm  diameter),  which 
had  been  polished  to  a  .mirror  finish  using  progressively  smaller  diameters  of 
alumina  down  to  0.05  jnh.  The  disk  was  mounted  on  the  end  of  a  glass  syringe 
barrel  designed  to  fit  the  infrared  cell.  The  cell  construction  was  of  the  thin  layer 
type  and  has  been  described  previously^??"  ^ 

All  reagents  were  of  AnalaR  grade  quality  and  all  solutionS"w^re  prepared  using 
triply  distilled  water  and  deoxygenated  with  argon.  The  glassware\was  thoroughly 
cleaned  by  soaking  in  a  HNOJ1+  H2S04"  solution,  followed  by  rinslpg  with  triply 
distilled  water  and  finally  steamed  (triply  distilled  water)  for  30  min'.  The  working 
electrode  was  cleaned,  after  polishing,  by  cycling  between  -  0.2 and  +  0.8  V  vs. 
SCE,  at  50  mV  s"1  for  15  min  in  0.5  mol  dm-3  KNOj.^A  platinum  wire 
quasi-reference  electrode  was  used  throughout  these  experiments.  The  spectrometer 
employed  was  a  vacuum  bench  Brucker-IBM  model  IR/98  FTIR  on  which  subtrac- 
tively  normalized  interfacial  Fourier  transform  infrare^  spectroscopy  (SNIFTIRS 
[9])  could  be  performed.  In  SNIFTIRS  difference  spectra,  the  data  are  displayed  so 
that  bands  extending  to  positive  (upwards)  values  of  relative  reflectance  are  due  to 
species  at  the  base  reference  potential  (“reactants”  in  the  unperturbed  system), 
while  negative  bands  denote  species  formed  when  the  potential  is  stepped  to  a  new 
value  (the  “products"  of  the  electrochemical  reaction).  Lh<lr  ,  **  — 


RESULTS  AND  DISCUSSION 


We  point  out  first  that  all  spectra  recorded  in  this  work  are  solution  spectra;  no 
attempt  was  made  to  record  the  spectra  of  adsorbed  species  at  the  interface. 

Perturbations  in  the  electrode  potential  were  for  the  purpose  of  changing  the 
concentrations  (by  migration)  of  the  bulk  ferro-  and  ferricyanides  in  the  relatively 
(to  surface  spectral  techniques)  thick  layer  of  solution  between  the  electrode  and  the 
cell  window. 

The  pK  dependence  of  the  CN  stretching  region  of  the  vibrational  spectra  of  the 
ferri-ferrocyanide  species  was  determined  first.  In  neutral  solutions  ferrocyanide 
and  ferricyanide  were  observed  to  absorb  at  2040  cm-1  and  2116  cm"1  respectively 
as  reported  previously  [7]  (Fig.  1).  •  , 

The  addition  of  0.01  mol  dm-3  HCIO*  to  a  solution  of  0.01  mol  dm"3  " 

K4Fe(CN)6-  3  H20  and  KjFe(CN)6  resulted  in  the  splitting  of  the  ferrocyanide 
band  into  the  original  2040  cm-1  band  and  a  new  feature  at  2054  cm"1  (Fig.  2). 

This  new  band  is  characteristic  of  a  protonated  ferrocyanide  species,  the  characteris-  <  on  ~For 
tics  of  which  have  been  reported  previously  [10]:  '■"Air - 

Fe(CN)j~  s=t  HFe(CN)j"  p*t-4.3 

.13  0(3 

On  increasing  the  HC104  concentration  to  0.1  mol  dm'3,  the  2040  cm"1  band  ,<  ;  -u 

disappears  and  is  replaced  by  a  band  at  2067  cm"1  (Fig.  3).  At  the  same  time  the  ....  _ 


A  -  \ 
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Fig.  1.  SNIFTIRS  spectra  for  a  platinum  electrode  in  contact  with  0.01  mol  dm-3  K.4Fe(CN)6-3  H20. 
0.01  mol  dm~3  K.3Fe<CN)6.  0.5  mol  dm’3  KN03.  Reference  potential  -0.0  mV.  sample  potential - 
+  180  mV  vs.  Pt  wire. 
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Fig.  2.  As  Fig.  1,  with  the  addition  of  0.01  mol  dm-3  HC104  to  the  solution. 
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Fig.  3.  As  Fig.  1.  with  the  addition  of  0.1  mol  dm"5  HQO.  to  the  solution. 
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Fig.  4.  As  Fig.  1.  with  the  addition  of  0.5  mol  dm-3  LaClj  Reference  potential  at  0.0  mV,  sample 
potential  at  +120  mV  vs.  Pt  wire. 


color  of  the  solution  was  observed  to  change  to  green.  This  new  band  is  assigned  to 
the  diprotonated  ferrocyanide  species  (10): 

HFe(CN)4'  H,Fe(CN)4"  p/fa  -  3.0 

Next,  the  dependence  of  the  vibrational  spectra  of  the  ferrocyanide  species  on  the 
cation  type  was  investigated.  The  experiment  was  performed  by  adding  the  various 
cations  to  a  neutral  solution  containing  0.01  mol  dm-3  K4Fe(CN)6  -3  H20  and 
0.01  mol  dm’3  K ,Fe(CN)4  and  recording  the  reflectance  infrared  spectra  at  various 
potentials.  It  was  found  that  the  addition  of  0.5  mol  dm-3  Li*  had  no  detectable 
effect  on  the  spectra,  whereas  0.2  mol  dm-3  Mg2*  shifted  the  ferrocyanide 
absorption  band  by  2  cm-1  to  2038  cm’1.  A  more  dramatic  change,  however,  was 
observed  on  the  addition  of  0.5  mol  dm’3  La3*.  This  cation  caused  the  solution  to 
turn  to  a  fluorescent  yellow,  while  simultaneously  precipitating  a  pale  yellow 
compound.  The  CN  stretch  of  the  ferrocyanide  species  was  now  found  to  absorb  at 
2064  cm'1,  while  the  femeyanide  species  CN  stretch  mode  remained  unchanged  at 
2116  cm’1  (Fig.  4). 

In  fact,  the  ferricyanide  species  was  found  to  absorb  always  at  2116  cm'1 
regardless  of  the  type  or  concentration  of  cation  presents,  suggesting  that  it  exists 
simply  as  octahedral  Fe(CN)4~ .  On  the  other  hand,  the  absorption  of  infrared 
radiation  by  the  ferrocyanide  species  is  shown  to  be  quite  dependent  on  both  pH 
and  the  nature  of  the  cations  in  the  solution.  This  suggests  that  the  ferrocyanide 
species  exists  as  a  species  which  is  complexed  to  at  least  one  cation.  Although,  as 
only  one  infrared  active  band  was  observed  for  each  species  the  average  symmetry 
of  the  complex  must  still  be  octahedral,  suggesting  that  the  cation  is  labile,  being 
entropically  coordinated  through  ail  six  nitrogen  atoms. 

Evidence  for  the  activated  complexes  has  been  limited  to  some  observations  of 
transient  and  rather  weak  bands  at  high  initial  concentrations  of  the  reactants. 
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TABLE  1 


CN  stretch  vibrational  frequencies  for  various  complexes  of  tne  ferrocyanide  anion 


Complex 

Wavenumber  »/cm" 1 

Fe(IIlXCN)J- 

2116 

K,FedtXCN)i*-' 

2040 

K.HFe(IIXCN)iJ-*' 

2054 

K^jPedlXCN)',1-"' 

2067 

K.U.redlXCN)i4"'”" 

2040 

»t.M»„F^nxCN)i4— 

2038 

K.U.FtXlIXCNJi4— 

2064 

Efforts  at  low  temperatures  are  continuing  in  an  effort  to  isolate  any  activated 
complex  that  may  be  formed  in  the  reaction. 

A  likely  mechanism  is  therefore: 

M„Fe<Il)(CN)(44-"r  +  M*  si[M)I+1Fe(II)(CN)4 

*1  a 

{M,+iFe(II)(CN)43+"’  [M„+,Fe(HI)(CN),t2~"r]*  +  t~ 

[M„+1Fe(III)(CN)r,,r]*^Fe(HI)(CN)r  +(n  +  l)  M* 

with  A:,  -«  k2  and  kt  <r  k6.  Table  1  lists  the  various  complex  species  and  the 
observed  CN  stretching  frequencies. 
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